The regulation of ATP metabolism by inorganic phosphate (Pi) was examined in five normal volunteers through measurements of ATP degradation during relative Pi 
Introduction
ATP is intricately interwoven into cell energy transfer and intermediary metabolism (1) (2) (3) (4) . Therefore, perturbations in ATP metabolism may modify cellular function and lead to specific disease states. Since ATP synthesis requires inorganic phosphate in addition to oxygen, ADP, and NADH, phosphate concentrations in vivo may be rate limiting for ATP synthesis. Consequently, a phosphate-deprived state may be associated with decreased ATP synthesis and increased formation ofATP degradation products. Indeed, hypophosphatemia increases ATP degradation products in skeletal muscle (5, 6) and is correlated with a myriad of clinical manifestations in-cluding hemolytic anemia, respiratory failure, myopathy, and neurologic abnormalities in humans (7) (8) (9) (10) (11) (12) (13) (14) .
To elucidate the role of phosphorus, the regulation of ATP metabolism was examined during relative phosphorus depletion and repletion in normal volunteer subjects. ATP degradation was acutely activated by a previously developed model system using a rapid intravenous infusion offructose (1) (2) (3) (4) 15 Study design. ATP turnover was studied in vivo by using [8-'4C] adenine to label ATP ( 16). Radioactively labeled inosine, hypoxanthine, xanthine, and uric acid originate from ATP degradation and are excreted into the urine (Fig. 1 ). Under these conditions, increased quantities of unlabeled purines must come from another pathway, de novo purine synthesis, and can be distinguished from labeled compounds originating from ATP degradation. Rapid infusion of fructose causes the acute degradation of hepatic and renal ATP by its consumption in the phosphorylation of fructose (1) (2) (3) (4) 15) . The infusion of fructose was performed under states ofrelative phosphate depletion and repletion to study the effect of phosphate levels upon ATP degradation.
ATP synthesis occurs in the mitochondria by the following reaction: 3 ADP + NADH + H++ 3Pi + 402 --3 ATP + 4H20 + NAD+. If phosphate (Pi)' is rate-limiting for ATP synthesis, then relative phosphate depletion will decrease the rate ofits resynthesis from ADP. Under these conditions more ADP will degrade to purine breakdown products rather than be converted back to ATP when the system is stressed by massive ATP utilization. Increased radioactively labeled purines originating from ATP should appear in the urine during relative phosphate depletion.
Five healthy male volunteers, ages 22 to 25 participated in this study. The Fructose was infused on the fourth, sixth, and eighth days of hospitalization using a 20% fructose solution (0.5 g/kg) infused over a 5-to 7-min time interval (15) . Transient abdominal cramping was a rare side effect of fructose infusion. Urine and blood samples were collected from 2 h before infusion to 3 h after infusion. Samples were analyzed for plasma phosphorus, creatinine, uric acid, hypoxanthine, xanthine, adenosine, and inosine as well as urinary radioactivity, phosphorus, creatinine, uric acid, hypoxanthine, xanthine, and inosine. The first fructose infusion 4 d after hospital admission occurred in a clinical setting of relative phosphorus depletion. On day 6 after admission, patients were infused with sodium phosphate (0.03 mmol/kg per h) starting 30 min before fructose infusion and continuing for 3 h after infusion. This represents an acute phosphorus repletion state. After intravenous phosphorus supplementation, patients were given a low purine, high phosphorus (3 g/d) diet and Neutraphos (4.6 g phosphate/d). Fructose infusion was performed 8 d after admission. This represents a phosphate-rich state.
Assays. Serum phosphorus was measured by University of Michigan Clinical Chemistry laboratory by the phosphomolybdate method. Plasma and urinary hypoxanthine, xanthine, inosine, and adenosine were measured by high pressure liquid chromatography as previously described (17, 18) . Erythrocyte phosphate levels were measured as described using trichloroacetic acid precipitation and the method of Chen (19, 20) . Creatinine was measured by a modified Jaffe reaction (21). Plasma and urine uric acid and oxypurines were measured using enzymatic spectrophotometric techniques'' (22, 23) . Urinary radioactivity was measured by adding an 0.5-ml aliquot of each urine sample to 5 ml ACS scintillation fluid with samples counted in a liquid scintillation counter (1217 Racbeta; LKB Instruments, Inc.) (16). Trichloroacetic acid extracts of cell protein were solubilized with 0.5 N sodium hydroxide and the protein was measured by the method of Lowry (24) .
Data analysis. Data were stored and analyzed using CLINFO PLUS on a microVax II minicomputer in the Clinical Research Center, University of Michigan Medical Center. Urinary purine specific activity was calculated by dividing total radioactivity values by total urinary purines (the sum of hypoxanthine, xanthine, inosine, and uric acid) (25) . This specific activity is the measure that most closely reflects in vivo ATP pool specific activity.
The data were analyzed statistically with a repeated measures analysis of variance to determine the effect of Pi state (low phosphate, phosphate supplement, and high phosphate), the effect of time and interactions between Pi state and time. Multiple comparisons were performed using Fisher's least significant difference procedure. When necessary, the natural logarithms of the data were analyzed instead of the raw data to stabilize the variance. A P < 0.05 was considered significant. Variables are expressed as mean± 1 SD.
Results
Baseline measurements. When baseline phosphorus values for states a and b were compared to state c, a statistically significant increase (P < 0.01) was seen in serum phosphorus and log urine phosphorus excretion (Table I ). The significantly higher values in state c indicate that it represents a relative phosphate-repleted state. Baseline values in state b were obtained before phosphorus resupplementation and are analogous to state a. The baseline plasma and urinary punrnes, urinary radioactivity, and urinary punne specific activity were not altered by the changes in phosphate levels.
Measurements during A TP degradation. ATP degradation was produced by intravenous fructose. Plasma phosphorus rapidly declined after fructose infusion (Fig. 2) . In all three study conditions, phosphorus values were 74-80% of baseline values by 15 min after fructose infusion. The overall serum phosphorus level was significantly higher in the "high phosphate state" than in the other two states (P < 0.05). Similarly, erythrocyte phosphorus content rapidly declined to 76-86% of baseline values within 15-30 min after fructose infusion. Although a higher erythrocyte phosphorus content was asso- ciated with a phosphate-repleted state, this difference was not statistically significant (P = 0.25). The latter resulted from substantial variability in the data and small changes. Total plasma purines increased by 40-50% within 30 min after fructose infusion (Fig. 3) . There was no significant difference in basal levels (P = 0.057) among the three states. However, there was a significant linear increase in levels after 30 min overall (P = 0.0002), such that the mean postinfusion level was significantly elevated over the mean basal level of plasma purines (P = 0.001). There were no significant differences between the three Pi states, either before infusion (P = 0.09) or after infusion (P = 0.32), nor were there any significant Pi state and time interactions.
Urinary purines significantly increased an average of fourfold in all three states of phosphorus intake at 60 min (P = 0.0001) from an average baseline value of 1.16 mmol/g creatinine, and then declined to a level significantly higher than baseline (P = 0.001). There were no significant differences among groups either at baseline, at 60, or after 60 min.
Urinary radioactivity excretion was fourfold higher in the phosphate-depleted state compared to the lower values in the relatively phosphate-repleted state at 60 min after infusion (Fig. 4) . Differences between each of these states at 60 min were statistically significant (state a vs. c, P < 0.001; state a vs. b, P < 0.01; state b vs. c, P < 0.05). The urinary specific activity at 60 min was over threefold higher in the low-phosphate state (a) vs. the phosphate-repleted state (c) and twofold higher in the phosphate-supplemented state (b) vs. the phosphate-repleted state (c) (Fig. 5) . All pairwise differences between the three phosphate states were statistically significant (state a vs. c, P < 0.001; state a vs. b, P < 0.001; state b vs. c, P < 0.01). The differences between the 60-min time point and the other time points were statistically significant (P < 0.001), while the differences among the remaining time points were not significant for either urinary radioactivity or urinary specific activity.
Discussion
Inorganic phosphate is a rate-limiting substrate for ATP synthesis in the mitochondrial sequence of oxidative phosphorylation (26 renal failure and intravenous hyperalimentation (10, 11) . In hypophosphatemic mice skeletal muscle weakness and renal cortical changes have been associated with elevated levels of AMP, inosine, and hypoxanthine (5, 6, 27 (1-4, 15) . This results from a diminution in intracellular phosphate levels secondary to the accumulation offructose-1-phosphate and the reduced synthesis ofATP from ADP in mitochondria (1-4, 29) . In our studies relative phosphate depletion causes a major increase in the excretion of radioactive purines as compared with the phosphate-repleted state. In addition, there was an increased specific activity ofthe radiolabeled purines in the urine ofsubjects with a relative phosphate depletion. These observations suggest that during relative phosphate depletion ATP degradation is greater than during phosphate repletion.
The degree of inorganic phosphate depletion determines the severity of the decrease in adenine nucleotide levels in other studies. In fructose-loaded rats there is a direct correlation between phosphate concentrations and adenine nucleotide levels (29) . Prior phosphate loading of the rats largely prevented the reduction of ATP and total adenine nucleotides in the renal cortex and liver. In gouty patients pretreatment with a phosphate infusion prevented fructose induced hyperuricemia (31) . Taken together, these observations support the concept that hypophosphatemia decreases ATP synthesis from ADP and thereby promotes ADP degradation to purine end products. Repletion of phosphate promotes ATP synthesis from ADP and decreases ADP degradation.
Ifthere is accelerated ATP degradation to purine end products, why is the change in absolute levels of plasma and urinary purines not different with relative phosphate depletion as compared to phosphate repletion? The explanation for this similiarity lies in the existence of two distinct pathways that supply purine degradation products to the body fluids: the ATP degradation pathway and the pathway of de novo purine synthesis (Fig. 1) . These events have been carefully examined in rat liver (32, 33) and explain the results of fructose infusion in humans. Under normal conditions fructose infusion first activates ATP degradation and then later activates de novo purine synthesis (32, 33) . During the first 5 min after a fructose infusion there is marked ATP depletion, which is associated with intracellular phosphate depletion and reduction of phosphoribosylpyrophosphate (PRPP) levels. The hypophosphatemia releases the inhibition of AMP deaminase and high Km 5'-nucleotidase (3) and the depletion of PRPP decreases de novo purine synthesis and hypoxanthine reutilization (32, 33) . This facilitates the conversion of ATP degradation products to purine end products. At 15-30 min ATP depletion is partially reversed, inorganic phosphorus levels return to normal, and PRPP levels are markedly elevated (32, 33) . PRPP synthetase, which synthesizes PRPP, is highly sensitive to activation by increasing inorganic phosphate levels (34). The marked inPhosphate and Adenosine Triphosphate Metabolism 993 mm T.
-W creases of PRPP levels at 15-30 min stimulate de novo purine synthesis and hypoxanthine reutilization (32, 33) . Inhibition of AMP deaminase and high Km 5'-nucleotidase are restored. Under these conditions metabolic regulation favors ATP resynthesis. Therefore, during the first 5 min of fructose infusion the degradation of ATP leads to the appearance of ATP breakdown products in body fluids. At 15-30 min the purines appearing in the urine and in the plasma mainly originate from intensive stimulation of de novo purine synthesis which forms the same purine end products, which are not radioactively labeled.
On the basis of these data we speculate upon the origin of urinary purines. ATP synthesis and de novo purine synthesis are both phosphate sensitive (Fig. 1) . During a relative phosphorus depleted state the amount of ATP resynthesized from ADP during a fructose infusion will be diminished, since there is less phosphate substrate available for this conversion. Thus during hypophosphatemia more ATP will be degraded to purine end products. On the other hand, during hypophosphatemia at 15-30 min there will be less of an increase in the intracellular phosphate levels. This will limit the increase in PRPP levels and the increase in de novo purine synthesis. Therefore, there will be a decreased excretion of purines at 15-30 min originating from de novo purine synthesis. The net effect of hypophosphatemia compared to the normal phosphate state is an increased excretion of purines originating from ATP and a decreased excretion of purines originating from de novo purine synthesis. When the ATP pool is prelabeled with radioactive adenine, as in our system, this causes an enhanced enrichment of urinary purines by radioactivity. This concept is supported by our studies showing that the specific activity of the urinary purines in the phosphate-repleted state is lower than the phosphate-depleted state. This suggests that purines excreted in the phosphate-repleted state are originating from a source other than ATP degradation. This other source must be de novo purine synthesis.
Our studies are significant for a number of reasons. Firstly, they suggest that phosphate is a rate-limiting metabolite for ATP synthesis in vivo at least under conditions of a fructose infusion. Increased synthesis ofATP during relative phosphate repletion diminishes ATP degradation to purine endproducts. Secondly, the ability to stimulate ATP synthesis by inorganic phosphate therapy may have clinical relevance. Phosphate supplementation may help reverse potentially ATP related hypophosphatemic consequences of diabetic ketoacidosis, alcohol withdrawal, intestinal dysfunction, malnutrition, anorexia nervosa, or cancer (35) . Similarly, the degradation of ATP in glycogen storage disease type I and hereditary fructose intolerance occurs by a mechanism similar to fructose induced hyperuricemia (1-4, 28, 29, 36, 37) and may be reversed by phosphorus loading. There is evidence that ATP degradation may occur as a consequence of hypoxia (1) (2) (3) (4) . Whether inorganic phosphorus supplementation together with oxygen repletion and other substrate administration can accelerate the resynthesis of ATP under these conditions remains unclear, since the main problem is oxygen lack. Finally, further experiments examining the regulation of ATP metabolism by phosphorus are necessary. The proposed major stimulation of ATP degradation in relative hypophosphatemia during the first 5 min of a fructose infusion, should be evaluated in clinical studies by examining ATP degradation in a period of minutes after fructose infusion rather than the longer time periods used in standard experiments. In any event the ability to regulate ATP metabolism in vivo by inorganic phosphorus levels may provide an innovative therapeutic approach to modify disordered energy metabolism in specific disease states (1-4, 35, 38) .
